Neutron-diffraction and magnetization measurements have been carried out on a series of samples of the magnetorefrigerant Mn 1+y Fe 1−y P 1−x Ge x . The data reveal that the ferromagnetic and paramagnetic phases correspond to two very distinct crystal structures, with the magnetic-entropy change as a function of magnetic field or temperature being directly controlled by the phase fraction of this first-order transition. By tuning the physical properties of this system we have achieved a magnetic-entropy change ͓magnetocaloric effect ͑MCE͔͒ for the composition Mn 1.1 Fe 0.9 P 0.80 Ge 0.20 that has a similar shape for both increasing and decreasing field, with the maximum MCE exceeding 74 J / kg K-substantially higher than the previous record. The diffraction results also reveal that there is a substantial variation in the Ge content in the samples which causes a distribution of transition temperatures that reduces the MCE. It therefore should be possible to improve the MCE to exceed 100 J / kg K under optimal conditions.
I. INTRODUCTION
Recently, magnetic refrigeration at ambient temperatures has attracted interest with the discovery of new materials with improved efficiencies and advantages as potential replacements for the classical vapor compression systems in use today. [1] [2] [3] [4] [5] [6] In particular, Pecharsky and Gschneidner 2 reported that Gd 5 ͑Ge 2 Si 2 ͒ has a giant magnetocaloric effect ͑MCE͒ between 270 and 300 K, while Tegus et al. 6 found that MnFe͑P 1−x As x ͒ with the hexagonal Fe 2 P-type structure has a paramagnetic ͑PM͒-ferromagnetic ͑FM͒ phase transition that is strongly first order and exhibits a huge MCE. In addition, the Curie temperature ͑T c ͒, and hence optimal operating temperature of the latter material, can be varied from 200 to 350 K by tuning the P/As ratio without losing the large MCE. 6 However, the high cost of Gd and the toxicity of As make it questionable whether either material will be viable commercially on a wide scale. On the other hand, recently the replacement of As by Ge or Si has been reported to still provide a very large MCE ͓up to 38 J / kg K for a field change of 5 T ͑Refs. 7-15͒ with Ge and up to 43 J / kg K for a field change of 3 T with Si ͑Ref. 16͔͒, circumventing the toxicity issue and thereby demonstrating its potential as a cost effective and environmentally friendly refrigerant. 10, [12] [13] [14] For the particular optimal composition of Mn 1.1 Fe 0.9 P 0.8 Ge 0.2 we report in detail here, we find that it is single phase and paramagnetic at higher temperature, single phase and ferromagnetic at lower temperature, and in between the system undergoes a strongly first-order phase transition as a function of temperature or applied magnetic field. Both phases possess the same symmetry space group ͑P62m͒ but have distinctly different structures; the a and b axes are ϳ1.3% longer while the c axis is contracted by ϳ2.6% in the FM phase compared to the PM phase. The large MCE of ϳ75 J / kg K ͑see Fig. 1͒ on both increasing and decreasing field then originates from converting one phase to the other. The improved properties and overall advantages of this material open the possibility for its use in wide-scale magnetic refrigerant applications.
II. EXPERIMENTAL PROCEDURES
The starting materials for the polycrystalline samples used in this work were submitted to ball milling, which was carried out under argon atmosphere for 1.5 h in a high-energy Pulverisette 4 mill. The milled powders were collected into a graphite mold and consolidated into a ⌽20ϫ 5 mm 3 wafer sample at 1173 K under 30 MPa by the spark plasma sintering technique. The density of the sample was determined by the Archimedes method to be over 95% of the density of the as-cast ingot. Three 4 ϫ 4 ϫ 20 mm 3 bars were cut and used for the neutron-diffraction experiments, but the solid bars broke into powder after measurements in which magnetic fields up to 7 T were applied together with cooling and warming between 200 and 300 K. The results reported in this paper were obtained from the broken powder and are reproducible on cycling temperature or magnetic field.
Neutron powder-diffraction ͑NPD͒ data were collected at the NIST Center for Neutron Research on the high-resolution powder neutron diffractometer ͑BT1͒ with monochromatic neutrons of wavelength 1.5403 Å produced by a Cu͑311͒ monochromator. Söller collimations before and after the monochromator and after the sample were 15Ј, 20Ј, and 7Ј full width at half maximum ͑FWHM͒, respectively. Data were collected in the 2 range 3°-168°with a step size of 0.05°for various temperatures from 300 to 5 K to elucidate the magnetic and crystal structure transitions. Magnetic field measurements were carried out with a vertical field 7 T superconducting magnet. Refinements of the nuclear and magnetic structures in this system were carried out using the neutron powder-diffraction data and the program GSAS. 17 The sample was found to contain about 1% MnO impurity phase that was taken into account in the refinements.
Detailed temperature and field-dependent measurements were carried out on the high-intensity BT7 and BT9 tripleaxis spectrometers. On each instrument a pyrolytic graphite ͑PG͒ ͑002͒ monochromator was employed to provide a neutron wavelength of 2.36 Å and a PG filter was used to suppress higher-order wavelength contaminations. Coarse collimations of 60Ј, 50Ј, and 50Ј FWHM on BT7 and 40Ј, 48Ј, and 40Ј FWHM on BT9 were employed to maximize the intensity. No analyzer was employed in these measurements.
For diffraction data obtained on BT1, a cylindrical vanadium sample holder is typically employed in order to avoid interference from diffraction peaks originating from the holder. However, we found that for temperature-dependent measurements the time to equilibrate can exceed 10-20 min, which can interfere with measurements of hysteresis in the present problem. We therefore undertook temperaturedependent measurements in a top-loading cryostat that avoided this problem or used an aluminum sample holder on the BT7 and BT9 spectrometers when interference was not an issue. Finally, we note that uncertainties indicated in this paper are statistical in origin and represent one standard deviation.
III. EXPERIMENTAL RESULTS
Isothermal magnetization data were obtained in both magnetic field increasing and decreasing modes as shown in Fig.  1͑a͒ . The data were analyzed using the Maxwell relation method discussed in Refs. 18 and 19, and the maximum entropy changes obtained are shown in Fig. 1͑b͒ . We obtained maximum magnetic-entropy changes of 74 and 78 J / kg K on increasing and decreasing field, respectively, for a field change of 5 T in the bulk sample of Mn 1.1 Fe 0.9 P 0.8 Ge 0.2 . These MCE values are nearly twice the previous value for this system and the highest MCE for any material presently reported. 13, 14, 16 The refined phase fraction and unit-cell volume calculated from neutron-diffraction refinements as a function of temperature for bulk Mn 1.1 Fe 0.9 P 0.8 Ge 0.2 are shown in Fig. 2͑a͒ . The sample is in the fully paramagnetic state above ϳ255 K, while we find that the PM and FM phases coexist at lower temperatures. We observed that ϳ80% of the sample transforms relatively quick between 255 and 230 K, while at 200 K the refinement shows that ϳ4.5% of the sample still remains in the paramagnetic phase. We show that the origin of this behavior is likely associated with variations in the Ge concentration in the sample as we discuss below. At 10 K, on the other hand, there is no detectable paramagnetic phase so that the entire sample eventually becomes fully ferromagnetic. Figure 2͑b͒ shows diffraction data for a temperature of 245.4 K, where 56% of the PM phase equilibrates with 44% of the FM phase. Only a portion of the diffraction pattern is shown for clarity. An excellent fit to the data is provided by the crystal structure shown in Fig. 3 , along with a ferromagnetic structure ͑P11mЈ magnetic symmetry͒ having Mn and Fe moments parallel in the a-b plane. Refined ferromagnetic moments at 245 K are 2.9͑1͒ and 0.9͑1͒ B for the Mn͑3g͒ site and Fe/ Mn͑3f͒ site, respectively, similar to what is seen for other compounds with the Fe 2 P-type structure where a larger moment ͑ϳ3 B ͒ is found at the 3g site and a smaller moment ͑Ͻ1 B ͒ at the 3f site. 10, 15 The moment direction is different from MnFeP 1−x As x , which lies in the a-c plane or along the c axis, 15 but we found that fits with a component of the moments parallel to the c axis gave significantly worse agreement with our data. We remark that once the FM phase is established, no significant changes in the crystal or magnetic structures of the FM phase were observed on further cooling or applying a higher magnetic field. Therefore magnetic field, or temperature, has no significant effect other than to convert the system between the ferromagnetic and paramagnetic structural phases. One important finding is that there is no significant difference between the unit-cell volumes of the paramagnetic and ferromagnetic phases as the phase transition proceeds.
At 295 K the entire sample is in the paramagnetic phase so that it is single phase and there is no magnetic order to refine. This provides the best temperature to refine the stoichiometry, and we find a Mn/Fe ratio of 1.072͑6͒/0.928͑6͒ that is very close to the nominal value of Mn/ Fe= 1.1/ 0.9. We also find that the 3g site is completely occupied by Mn atoms, which is coplanar with P/Ge͑1͒ atoms at the 1b site in the z = 0.5 layer. The 3f site has ϳ93% Fe, with ϳ7% Mn distributed randomly, and the 3f Fe/Mn site is coplanar with the P/Ge͑2͒ atoms at the 2c site in the z = 0 layer. We also find that Ge and P are randomly mixed, although Ge atoms prefer the P/Ge͑2͒ ͑2c͒ site ͑ϳ27% Ge occupied͒ to the P/Ge͑1͒ ͑1b͒ site ͑ϳ5% Ge͒. This differs from MnFeP 1−x As x , where Fe and Mn were found to be slightly disordered across both the 3f ͑ϳ4% Mn͒ and 3g ͑ϳ9% Fe͒ sites, whereas the As and P were found to have no preferential site selectivity. 15 The structural details are given in Table I .
The first-order nature of the transition can be readily seen from magnetization data as shown in Fig. 4͑a͒ as a function of temperature, where the PM-phase↔ FM-phase transition clearly has substantial thermal hysteresis. Since the PM and FM phases are structurally distinct, the two phases can be monitored as a function of temperature or magnetic field by neutron diffraction. For this purpose the ͑001͒ reflections of the two phases are well resolved due to the large difference ͑ϳ2.6%͒ in the c axis, and Fig. 4͑b͒ shows the integrated intensities for the PM and FM phases measured on cooling and warming at a speed of 15 K/hr. The peak positions are almost constant at ϳ39.8°and ϳ41.0°in 2 ͑data collected using BT9 triple-axis spectrometer with a wavelength of 2.36 Å͒ for the ͑001͒-PM and -FM phases, respectively, clearly indicating that this is a first-order transition. We note that there was no significant difference in the hysteresis loop on repeated thermal cycling.
More importantly for the magnetic refrigerant properties, the first-order structural transition can be driven by an external magnetic field as shown in Fig. 5͑a͒ for T = 255 K. At this temperature the diffraction data show that initially 95% of the sample is in the PM state, which is converted into the FM state with increasing field as indicated in Fig. 5͑b͒ for the ͑001͒ PM-phase ͑nuclear only͒ and FM-state ͑nuclear + magnetic͒ peaks. The magnetic moments are almost inde- pendent of the field, while the unit-cell volume of the FM phase increases slightly and that of the PM phase decreases slightly above 0 H = 3 T. The FM phase saturates at ϳ5.2 T, with significant hysteresis being found on subsequently decreasing the applied field. We remark that error bars indicated in this paper are statistical in origin and represent one standard deviation.
The similar behavior of these data shows that the variation in the magnetization does in fact coincide with the FMphase fraction. Refined phase fractions as a function of magnetic field are summarized in Fig. 6͑a͒ . The magneticentropy change ͉⌬S m ͉ for Mn 1.1 Fe 0.9 P 0.8 Ge 0.2 reported in Fig.  1 can be normalized to the magnetization, ͑001͒-FM intensity, and fraction of FM phase, and the corresponding values of ͉⌬S m ͉ have been inserted in Figs. 5͑a͒, 5͑b͒, and 6͑a͒, respectively. The excellent agreement and linear relationship between ͉⌬S m ͉ and the FM-phase fraction ͓Fig. 6͑b͔͒ demonstrates that the magnetocaloric effect in the system simply mirrors the FM-phase fraction. Moreover, this investigation indicates that only ϳ70% of PM phase was converted into the FM phase in a field of 5 T. Hence an increase in ͉⌬S m ͉ up to ϳ100 J / kg K could be achieved if the phase transformation goes to completion.
To further elucidate the nature of the crystal structures in both phases and how they evolve as a function of temperature and magnetic field, high-resolution neutron powderdiffraction data were collected with high statistical accuracy at 245.4 K/0 T and 253.3 K/2 T. Here the PM and FM phases coexist, and the refinements revealed the structures for both phases in detail. Results are given in Table I . We find that 56% of the paramagnetic phase coexists with 44% of the ferromagnetic phase at 245.4 K/0 T. Interestingly, the refined average Ge occupancy for the paramagnetic portion of the sample was 0.22, which is almost twice the value of 0.13 for the ferromagnetic phase. We also found that at 253.3 K and a magnetic field of 2 T the portion of the sample that is in the ͑induced͒ ferromagnetic phase has a higher Ge content of 0.25, in comparison to 0.16 for the paramagnetic portion of the sample; the higher Ge content has a higher transition temperature and it is therefore easier to be converted from PM to FM by an applied magnetic field. We remark that the refinements of the two phases are relatively straightforward since the lattice parameters are quite different. We conclude that the breadth of the transition as a function of temperature or magnetic field originates primarily from the Ge inhomogeneity, which strongly suggests that it should be possible to achieve a larger MCE in a smaller applied magnetic field if the chemical homogeneity of the sample can be improved.
IV. DISCUSSION
The present results directly demonstrate that the transition from the PM phase to the FM phase and the associated huge magnetocaloric effect are directly controlled by the firstorder structural phase transition between these two phases, and moreover, that a completed phase conversion will in-TABLE I. Structural parameters of Mn 1.1 Fe 0.9 P 0.8 Ge 0.2 at selected temperatures and magnetic fields. Space group P62m. Atomic positions: Mn-3g͑x ,0,1/ 2͒; Fe 0.928͑6͒ / Mn 0.072͑6͒ -3f͑x ,0,0͒; P/Ge͑1͒-1b͑0,0,1/ 2͒; and P/Ge͑2͒-2c͑1 / 3,2/ 3,0͒. Moments for Mn and Fe were set parallel to the a direction ͑equivalent to the a-b plane for a powder͒ in the refinements.
Atom
Parameters crease the MCE up to ϳ100 J / kg K in this system. The transition can be driven by temperature or applied magnetic field, and for use as a magnetic refrigerant the fielddependent properties are critical. The substitution of Ge for As removes the toxicity obstacle, which leaves the size of the required field as the primary concern. We have found that an applied field can induce substantial preferred orientation to improve the field properties, and we also expect that the magnetic properties can be optimized with further selective chemical substitutions and improved preparation techniques. Perhaps more important is the determination from the detailed crystallographic refinements that the best sample still has a substantial Ge compositional inhomogeneity, which causes a substantial spread in the transition temperature. Improvements in the compositional homogeneity should therefore permit higher MCEs to be achieved. The hysteresis as- Fig. 1 are also shown. The neutron data in Figs. 4͑b͒ and 5͑b͒ were collected using the BT7 and BT9 triple-axis spectrometers, respectively, with a wavelength of 2.36 Å. sociated with the transition does tend to reduce the practical MCE available for applications, but the overall improvements and prospects for further advances in performance make this material the magnetic refrigerant of choice and should enable a wide range of commercial magnetorefrigerant applications.
In conclusion, a large MCE for modest applied magnetic fields is required for a good magnetorefrigerant. The present neutron-diffraction and magnetization measurements for Mn 1.1 Fe 0.9 P 0.8 Ge 0.2 reveal that the FM and PM phases correspond to two very distinct crystal structures, with the magnetic-entropy change as a function of magnetic field or temperature being directly controlled by the phase fraction of this first-order transition. We find that only ϳ72% of the ferromagnetic phase was induced under a 5 T at the ͑zero-field͒ transition temperature, indicating that the system has a potential magnetic-entropy change exceeding 100 J / kg K. Moreover, careful structural analysis reveals the presence of a substantial Ge composition inhomogeneity in the sample, suggesting that improving the chemical homogeneity is the key to achieving a higher MCE. 
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